America was hypothesized to be a 'one-step operation'. We sequenced the genome of Ananas comosus var. bracteatus CB5 and assembled 513 Mb into 25 chromosomes with 29,412 genes. Comparison of the genomes of CB5, F153 and MD2 elucidated the genomic basis of fiber production, color formation, sugar accumulation and fruit maturation. We also resequenced 89 Ananas genomes. Cultivars 'Smooth Cayenne' and 'Queen' exhibited ancient and recent admixture, while 'Singapore Spanish' supported a one-step operation of domestication. We identified 25 selective sweeps, including a strong sweep containing a pair of tandemly duplicated bromelain inhibitors. Four candidate genes for self-incompatibility were linked in F153, but were not functional in self-compatible CB5. Our findings support the coexistence of sexual recombination and a one-step operation in the domestication of clonally propagated crops. This work guides the exploration of sexual and asexual domestication trajectories in other clonally propagated crops.
M ost grain crops, vegetables and ornamentals are produced sexually through seed propagation, whereas most fruit trees, tubers and some ornamentals are clonally propagated through grafting, tissue culture, divisions or cuttings. Sexually reproducing species undergo hundreds to thousands of generations of recombination during domestication; this recurrent selection leaves highly tractable signatures in the genome. In contrast, domestication of clonally propagated crops depends on both vegetative and sexual reproduction, the latter acting more sporadically on long-lived clones. It can even be a one-step operation, where selection is completed once a clone is selected 1 . Hence, clonal crops may have undergone zero to a few recombination and selection cycles postdomestication, in sharp contrast to sexually reproducing annual crops.
Pineapple (Ananas comosus (L.) Merr.) is a fruit crop originated and domesticated in South America. According to Bertoni 2 , the genus name Ananas means 'excellent fruit' in the Guaraní language of Paraguay. Pineapple was domesticated >6,000 years ago with archaeobotanical remains dated 3,500 years ago in South America and distributed to Mesoamerica >2,500 years ago [3] [4] [5] . Pineapple is clonally propagated using the leafy fruit crown, slips or suckers.
Red pineapple (Ananas comosus var. bracteatus) was anciently cultivated for fiber, fruit juice and as a living hedge, and is now a pantropical ornamental 6, 7 . The bracteatus plant is conspicuous for its bright pink-to-red colored fruit. The name 'bracteatus' refers to its long bracts. The plant is vigorous with long leaves, coarse spines and abundant suckers. Plant fibers have been used in numerous applications that are beneficial to agriculture and the environment, partly Articles Nature GeNetics because of their biodegradable nature and lack of carcinogenicity. Pineapple leaf fiber (PALF) contains 70-82% cellulose, 5-12% lignin and 1.1% ash 8 . PALF is a major source of natural fiber and has been used in the production of activated carbon fibers 9 , packaging materials 10 , cell scaffolds 11 and apparels 12 .
Pineapple is in Bromeliaceae, which includes >3,000 species grouped within >50 genera 13, 14 . Bromeliads challenge classical species concepts because of their notoriously leaky pre-and postzygotic barriers [15] [16] [17] . Ananas is unique in the family for its syncarpic fruit. Variety bracteatus is a cultigen, anciently cultivated for fiber in Southeastern Brazil, Paraguay and northern Argentina. Here, we generated a second Ananas reference genome from the bracteatus accession CB5 and resequenced numerous leading pineapple cultivars and wild Ananas species to explore the diversity and domestication history of pineapple, patterns of clonal propagation and signatures of human selection.
Results
Genome assembly and annotation of bracteatus pineapple accession CB5. The genome size of CB5 was estimated to be ~591 Mb by flow cytometry. We generated 26.9 Gb of reads from the PacBio RSII platform and ~100× Illumina short reads. Initial assembly using CANU yielded 809. 6 Mb of assembled sequence. To eliminate redundant homozygous sequences, we developed a new algorithm, Pseudohaploid, that identifies and filters out heterozygous contigs based on whole-genome alignment. The resulting assembly was 513 Mb, with a contig N50 of 427 kb at 92.6% completeness and much reduced duplicated sequences (Supplementary Tables 1 and  2 ). Alignment of RNA sequencing (RNA-seq) assembled transcripts to the genome revealed 99.92% sequence identity ( Supplementary  Table 3 ). Additionally, 98.47% of Illumina reads were aligned to the genome, covering 99.51% of the genome ( Supplementary Table 4 ).
Contigs were corrected and scaffolded by high-throughput chromatin conformation capture (Hi-C) into 25 pseudo-chromosomes that anchored 456 Mb (88.8%) of the genome ( Fig. 1 , Supplementary Fig. 1 and Table 5 ). Overall, 29,412 putative proteincoding gene models were annotated (Supplementary Table 6 ). We identified 383.2 Mb of repetitive sequences, accounting for 74.7% of the assembled genome ( Supplementary Fig. 2 and Supplementary  Table 7 ). Kimura distances indicated a burst of long terminal repeat retrotransposon (LTR-RT) activity ~1.8 million years ago. Improved assembly of pineapple F153 genome. The highest Gypsy LTR-RT content is concentrated near the centromeres in angiosperms 18 . The distribution of the Gypsy elements was plotted along the 25 pseudomolecules in the F153 genome (referred to as F153 v.6) 19 . Two peaks were observed in the linkage group (LG)01 ( Supplementary Fig. 3 ), a chimeric pseudomolecule corresponding to two chromosomes in CB5 ( Supplementary Fig. 4 ). There was a Gypsy peak at one end of LG24, while there was no Gypsy rich-region in LG25, which align to one chromosome in CB5. The misassembled LGs were corrected in the improved F153 genome assembly (referred to as F153 v.7), in which LG01 was separated into AccChr1 and AccChr24, while LG24 and LG25 were linked together into AccChr25.
Genomic basis of fiber production in CB5 pineapple. Both F153 and CB5 have eight CesA genes ( Supplementary Table 8 ), grouped into those required for primary (CesA1, 3, 6 and 9) and secondary (CesA4, 7, 8 and 11) cell wall biosynthesis. The CB5 and F153 genomes share the same genes, but do not have orthologs of the CesA2, 5 and 10 genes in Arabidopsis ( Supplementary Fig. 5 ). In F153 and CB5, genes for primary cell wall biosynthesis were all highly expressed in leaves, flowers and fruit, except for CesA9. Interestingly, the CesA4, 7 and 8, genes that are involved in secondary cell wall synthesis, were highly expressed in leaves of F153, while their expression levels were low in CB5 ( Supplementary Fig. 6 ).
Lignin is the second major component of PALF. The full set of pineapple lignin biosynthetic genes were identified by sequence alignment to known Arabidopsis, rice and poplar lignin synthesis pathway genes 20, 21 (Supplementary Dataset 1). CB5 and F153 had 24 and 21 candidate genes for lignin biosynthesis, respectively. Three PAL genes in CB5 had higher expression in leaves than in F153 ( Supplementary Fig. 7 ). Both COMT1 and CCOMT1 showed higher expression in CB5 than in F153 ( Supplementary Fig. 8 ).
Anthocyanin biosynthetic genes. The variety bracteatus is often grown as an ornamental plant, partly because of the red color of its fruit. Anthocyanin biosynthesis shares the phenylpropanoid pathway with lignin biosynthesis in its first steps. Anthocyanin biosynthetic genes were identified in F153 and CB5 (Supplementary Table 9 ). The size of the CB5 gene families encoding anthocyanin biosynthetic genes was larger than in F153 (22 versus 17). Early biosynthetic genes in the pathway such as CHS, CHI, F3H and F3′H were expanded in CB5. Both F153 and CB5 did not have FLS and ANS orthologs, indicating the existence of their isozyme genes, which may take over their functions.
Sugar metabolism genes.
Sweetness is a major fruit quality trait. In pineapple fruit, sucrose is the main sugar followed by glucose and fructose 22 . Multiple enzymes participate in their biosynthesis, transportation and metabolism with no difference in gene number between CB5 and fruit pineapple, including sucrose-phosphate synthases, sucrose-phosphate phosphatases, sucrose synthases, invertases, sucrose transporters (SUTs), sugars-will-eventually-be-exported transporters (SWEETs) and monosaccharide transporters [23] [24] [25] [26] ( Supplementary Table 10 ). In CB5, SUTs were constantly expressed at a low level during fruit maturation ( Supplementary Table 11 ), while two of SUT genes (AccSUT1 and AccSUT3) were highly expressed in mature fruit in MD2 ( Supplementary Table 12 ). More SWEET genes were expressed in the late developmental stage of fruit in MD2 than in CB5 ( Supplementary Tables 13 and 14 ). More interestingly, AccSWEET13 was located in the region of the F153 genome where a selective sweep was detected (see below). These results partially explain why MD2 accumulates more sugar in its fruit than CB5.
Bromelains. We identified 61 and 47 cysteine proteinase (CP)-type bromelains in F153 and CB5, respectively. Meanwhile, we identified 28 CPs in Amborella, 36 in Arabidopsis, 34 in papaya, 25 in grape, 50 in poplar, 47 in sorghum and 50 in rice ( Supplementary Table 15 ). These CPs are divided into nine subfamilies ( Supplementary Fig. 9 ). Subfamily VI had the most members, while subfamilies V, VIII and IX had fewer members, with no more than three members in each species. An expansion was observed in subfamily VI in all the selected species, especially F153. Bromelains of pineapple belong to this subfamily, and the expansion may result in a high production of bromelains. The majority of CPs showed constant expression patterns during fruit ripening ( Supplementary Tables 16 and 17 ). Some genes such as AccCEP3 and AccPAP25 showed dynamic expression patterns at a high level during the mature stage of fruit ripening ( Supplementary  Table 16 ). In subfamily VI of CB5, only two genes displayed expression in the tissues studied. AcbPAP10 was found to be expressed in flowers, fruit and leaves, while AcbPAP17 was only expressed in flowers. More highly expressed genes in subfamily VI were detected in F153. AccPAP3 and AccPAP4 exhibited very high expression at late stages of fruit development, perhaps contributing to fruit ripening.
Patterns of genome-wide variation in pineapple.
We selected 89 Ananas accessions for whole-genome resequencing, including 67 accessions of A. comosus var. comosus, nine accessions of var. bracteatus, two accessions of var. erectifolius, nine accessions of the wild var. microstachys, and two accessions from Pitcairnia gracilis and P. punicea as outgroups ( Fig. 2 and Supplementary Table 18 ).
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The var. comosus samples include representatives of the three historical cultivars 'Queen' , 'Smooth Cayenne' , and 'Singapore Spanish' , associated with the pantropical diffusion of the pineapple in historical times. Other important var. comosus cultivars analyzed include 'Pérola' and several cultivars from north-western South America and Central America, as well as admixed breeding lines and cultivars of unknown origin. We also included cultivated clones of A. comosous var. bracteatus, and the proposed wild progenitor of pineapple A. comosus var. microstachys 27 ( Supplementary Table 19 ).
We identified 7,428,400 high-quality SNPs and <10-base pair (bp) insertions/deletions (indels) across the 89 accessions. Cultivated pineapple yielded 3.2 million variants, including a large number of rare alleles (1.6 million with <5% minor allele frequency). This high proportion of rare alleles was probably a product of unique somatic mutations expected with clonal propagation. Nearly half (3,526,071, 47.5 %) of the SNPs were located in intergenic regions. The proportions of SNPs from genic regions assigned to exon, intron and UTR regions were 17.1%, 31.8% and 3.6% respectively ( Supplementary  Fig. 10 ). A total of 12,806 SNPs with predicted effects on gene functions, such as altering start codons, stop codons or splice sites, were discovered. Overall, 7,084 SNPs introduced stop codons, 725 SNPs disrupted stop codons, 750 SNPs disrupted start codons and 4,252 SNPs affected splicing donor or acceptor sites ( Supplementary  Table 20 ). With regards to the SNPs located in the exon regions, the number of nonsynonymous SNPs is less than synonymous SNPs for each accession (Supplementary Table 21 ).
The nonsynonymous and synonymous site frequency spectra were examined for cultivars Smooth Cayenne, Queen and Singapore Spanish ( Supplementary Fig. 11 ). Smooth Cayenne has an excess of low-frequency nonsynonymous variants compared to synonymous variants, indicating purifying selection. For Queen and Singapore Spanish, there was an unusual excess of variants at an intermediate frequency for both nonsynonymous and synonymous sites. This was probably because Queen and Singapore Spanish had a higher abundance of heterozygous genotypes per SNP position ( Supplementary Fig. 12 ).
Origin, population structure and genomic ancestry of pineapple. We used a subset of 665,162 quality-filtered SNPs to explore relationships between the genomes of divergent Ananas taxa and cultivars. Phylogenetic trees and networks estimated with RAxML 28 and SplitsTree 29 separated accessions of the varieties microstachys, bracteatus, erectifolius and comosus, and accessions from major cultivars within the latter. Seven mislabeled cultivars were corrected, and six cultivars were assigned to correct cultivars that could not be classified previously ( Supplementary  Table 18 ). For Singapore Spanish and Selangor Green, we confirmed and completed the history of their diffusion from Eastern Brazil to Asia. Similarly, the two var. erectifolius accessions were obtained from the same original collection through vegetative propagation ( Fig. 3a , Supplementary Table 18 and Supplementary  Figs. 13 and 14) . 
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To reduce the overrepresentation of Smooth Cayenne, Queen and Singapore Spanish/Selangor Green from population structure analyses, only five accessions were retained for each of the corresponding clusters ( Fig. 3 ). Within variety comosus, the three groups that corresponded to the major cultivars Smooth Cayenne, Queen Singapore Spanish and a few cultivars derived from them, formed three clusters whose variation essentially originated from somatic mutations accumulated during the two to five centuries after their diffusion out of America. Smooth Cayenne and Queen dispersed from the Guianas, while Singapore Spanish and Selangor Green dispersed from the eastern coast of Brazil (south of Bahia) 30 . Common cultivars of A. comosus exhibit greatly reduced diversity ( Fig. 3 and Supplementary Fig. 16 ), consistent with genetic bottlenecks from domestication. Nucleotide diversity was reduced more than 15 times in pineapple cultivars compared to their wild A. comosus var. microstachys progenitor ( Supplementary Fig. 16 ), which is consistent with reduced diversity seen in multidimensional scaling (MDS) space and phylogenetic branch lengths ( Fig. 3 and Supplementary  Fig. 13 ) and high population differentiation (F ST ) among major cultivars ( Supplementary Fig. 16 ). The typical accessions of var. bracteatus also formed a uniform group, where variation appeared to be related to somatic mutations; however, five less typical accessions showed admixture with cultivars of var. comosus. At a greater genealogical depth, composite likelihood estimation with TreeMix detected a predicted admixture event between var. bracteatus and its A. macrodontes parent ( Supplementary Figs. 17,18) .
The diversity and relatedness patterns were confirmed by MDS of genomic data ( Fig. 3b and Supplementary Fig. 19 ). SplitsTree branch lengths involving the varieties microstachys, bracteatus, erectifolius and comosus were compared to those between major cultivars of comosus (Fig. 3a ). Absolute genomic divergence (D xy ; Supplementary Fig. 16 ) was significantly greater among pairs of varieties, compared to major cultivars of comosus (P < 0.005). D xy among Ananas varieties was on average 0.0059 (median 0.0046, s.e.m. 0.0007), which is within the range of expectations for recently derived species 31, 32 .
Local genetic ancestry of hybrid accessions estimated with a Hidden Markov Model approach revealed a great diversity of patterns, including hybrids with large ancestry segments stemming from different modern comosus cultivars, and hybrids with small ancestry segments from different cultivars and taxa (Fig. 4) . The presence of both large and small segments in hybrids indicated that admixture has affected the evolution of variety comosus over long time scales. Our most likely models of local ancestry were consistent with an average of 37 generations since the onset of admixture (range, 21-55) among the 22 var. comosus hybrids detected in our study. For the wild variety microstachys, individual estimates range from 107 to 612 generations, respectively. These numbers probably translated into several thousand years as perennial, primarily asexually propagated, plants.
Genomic signatures of mitotic selection and clonal propagation.
Somatic mutation is a major driving force that shapes the domestication and diversification of clonally propagated plants 33 . One source of somatic mutation is the movement of transposable elements (TEs). We surveyed the presence/absence of variation of small DNA TEs in 89 resequenced accessions. DNA TEs were highly abundant, attaining copy numbers up to tens of thousands 34 and they predominantly insert into or near gene-rich regions 35 Articles Nature GeNetics were used as a reference for read mapping to assess the presence/ absence of variation against the F153 reference. In total, 98,476 TE junctions were identified in the reference pineapple assembly: 46,613 Mutator, 23,634 PIF/Harbinger, 18,831 hAT, 4,091 CACTA, 254 unknowns and 12 junctions formed by two different TE superfamilies. Compared to the F153 reference genome, each accession exhibited a great number of unique TE junctions, which varied from 97% identity with F153 in Ac50 to 28% identity with F153 in Ac46c ( Supplementary Table 22 ). The high variability of TE insertion sites in pineapple might be a driver for new traits via somatic mutation during domestication.
The process of mitotic recombination was predicted to lead to terminal homozygosity over time in tissues or organisms propagated exclusively through somatic means. This random generation of homozygosity in initially heterozygous tissues 36 could provide selectable genetic variation by uncovering recessive alleles. Hence, we investigated this question by first finding all of the single-copy (SC) genes in the pineapple genome. SC genes were chosen so that identification of heterozygosity versus homozygosity for any given chromosomal location could be ascertained without the confusion generated by paralogs. The final 10,439 SC genes were distributed randomly across the genome ( Supplementary Fig. 20) .
Terminal runs of homozygosity at the ends of LGs were frequently detected, especially in Singapore Spanish, including LG01, 03, 04, 08, 11, 14, 15, 20, 22 and 24 ( Fig. 5, and Supplementary  Fig. 21 ). Some of this homozygosity covered the entire region, from the site of the mitotic recombination to the end of the chromosome, as expected 37 . The presence of such terminal runs of homozygosity indicated an early occurrence (and possible selection and fixation) of associated mitotic mutations in the domestication process. In Smooth Cayenne and Queen, short terminal homozygosity was detected sporadically in LG03 and 23, and was likely to be a product of mixed clonal and sexual reproduction. Notably, the overall level of heterozygosity (and the lack of all but a tiny number of homozygous regions) in the wild relatives of pineapple indicated that these populations were prodigious outcrossers.
Selective sweeps and selection on sexually derived forms during pineapple domestication.
Genomic regions of selection during pineapple domestication were identified based on drastic reductions in nucleotide diversity (π) in cultivated accessions compared to wild lines (π c /π w ) in sliding windows across the genome. Diversity within variety microstachys was used for estimating π w. Cultivars with evidence of admixture were omitted from selection scans and π c was calculated within and across each of the four cultivars. Candidate swept regions were further narrowed using an cross-population composite likelihood ratio test (XP-CLR) based approach to model the allele frequency spectrum differences between cultivated and wild accessions. This approach identified 25 putative domestication sweeps across the pineapple genome with sizes ranging from 150 kb to 1.2 Mb ( Supplementary  Table 23 ). Swept regions collectively spanned 11.9 Mb (~3.1% of the genome) which was substantially lower than patterns observed in sexually propagated crops such as tomato (186 domestication sweeps totaling 64.5 Mb, ref. 38 ) and soybean (121 sweeps totaling 53 Mb, ref. 39 ). Pineapple also had fewer putative selective sweeps than other clonally propagated crops such as cassava, which contains signatures of 224 sweeps 40 Supplementary Fig. 14. b , MDS graphs of the studied Ananas accessions, with horizontal and vertical axes explaining 33.0% and 20.6% of the variance, respectively. Color code follows that in a and admixed A. comosus genotypes are indicated in gray. c, Ancestry results from ADMIXTURE under the K = 8 model supported by an examination of cross-validation errors ( Supplementary Fig. 15 ).
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Swept regions in pineapple encompassed 392 genes with enrichment in stress response pathways (FDR = 2.1 × 10 −3 ), but no obvious enrichment in genes previously characterized in other species as responsible for domestication-related traits. To narrow this list of candidate domestication genes, we surveyed gene expression changes in a high-resolution series of developing pineapple fruit. The strongest sweep was a 225 kb region at the beginning of LG03 with a 400-fold reduction in diversity across cultivated accessions compared to the wild var. microstachys (Fig. 6a ). This sweep was in the top 5% based on XP-CLR that indicated low F ST and highly negative Tajima's D (Fig. 6b,c) . Although the sweep on LG03 overlaps with a long run of terminal homozygosity ( Supplementary  Fig. 21.3) , it was much narrower than the homozygosity run (Fig. 5) . The putative sweep contains nine genes, including a pair of tandemly duplicated bromelain inhibitors (AccBI1 and AccBI2) with fruit-specific expression patterns (Fig. 6d) . Bromelains coordinating with bromelain inhibitors are supposed to play an important role in pineapple fruit ripening 41, 42 . Bromelain inhibitor is posttranslationally inactivated during fruit ripening, leading to a significant increase in bromelain activity, thus enhancing tissue proteolysis, Fig. 3 . All ancestry values sum to 1 for each genomic window.
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Ac59p Ac35 Ac60s Ac64s Ac23c Ac28 Ac67s Ac63s Ac79s Ac58s Ac66s Ac87s Ac89s Ac27 Ac69s Articles Nature GeNetics softening and degradation 41 . AccBI1 and 2 are the most highly expressed genes during fruit ripening, with reads per kilobase per million mapped reads (RPKMs) as high as 443,814. Expression of AccBI1 oscillates down to 0 RPKMs in some ripening stages, suggesting strict transcriptional control. Pineapple F153 contained 61 bromelain genes, including two that have expression patterns that correlate inversely with AccBI1 and AccBI2 (Fig. 6d) .
Candidate genes for self-incompatibility in pineapple. In contrast to A. macrodontes, A. comosus and its botanical varieties are self-incompatible, with exception of some clones of var. bracteatus. However, self-incompatibility tends to be stronger in var. comosus, compared to the other varieties that were not domesticated for fruit, which is probably a result of selection under domestication to reduce seed set in fruit 43 . Gametophytic self-incompatibility (GSI) operated in cultivated pineapple 44 , similar to S-RNase-based GSI, in which the S-locus encodes a single S-RNase and multiple S-locus F-box (SLFs/SFBs) proteins 45 . When self-pollinated in SI species, none of the SLFs/SFBs interact with their own S-RNase, which breaks down pollen tube RNA to inhibit growth; when cross-pollinated, some members of paternal SLFs/SFBs interact with maternal S-RNase, which allows pollen tube growth 45 . To search for genes potentially involved in pineapple GSI, we first identified S-RNase and SLF/SFB homologs in the pineapple reference genome based on sequence homology. These candidates were then tested for their selection history in diverse pineapple varieties. Twenty-five genes passed the criteria ( Supplementary Table 24 ). We examined the transcript levels of the 25 SI candidate genes in androecium and gynoecium, respectively ( Supplementary Table 24 ). Two S-RNase genes (Aco001100 and Aco004758), the potential female specificity determinants in GSI, were highly expressed in both tissues but with stronger expression in androecium. For the 
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SLFs/SFBs, two of the genes (Aco00868 and Aco011265) showed much stronger expression in androecium than gynoecium, while two of them (Aco015095 and Aco021447) showed the opposite expression bias. Expression of four genes was not detected. The remaining 13 genes showed similar expression in both tissues. Among the six genes showing differential expression in androecium and gynoecium, the ribonuclease T2 family member Aco001100 and F-box family member Aco00868 are tightly linked on LG02, only 1.8 Mb apart, and they are the most likely candidates for selfincompatibility in A. comosus var. comosus Smooth Cayenne F153. Furthermore, Aco001100 was tightly linked with two other SLF/SFB genes (Aco001170 and Aco012216), a characteristic of RNase-based GSI 45 . In CB5, the ribonuclease T2 family member CB5.v30014510 was the orthologous gene of Aco001100 and linked with only one SLF/SFB family gene (CB5.v30013780), which is not a functional SI system ( Supplementary Table 25 ).
Discussion
The chromosomal-level assembly of the bracteatus pineapple CB5 genome sheds more light on the biology and evolution of Ananas.
To overcome the problem of assembling a heterozygous genome, we have developed an algorithm, Pseudohaploid, that identifies and filters out heterozygous contigs by searching for redundant homologous sequences. Facilitated by long-read sequencing technology, we identified and located more repetitive sequences in the CB5 genome, providing comprehensive resources to study genome evolution driven by TEs. In addition, the misassembled pseudochromosomes in the F153 genome were corrected with the assistance of the CB5 genome. Comparison between these two pineapple genomes revealed genomic components associated with fiber production, color formation, sugar accumulation and fruit maturation. It also provided an additional line of evidence to verify SI candidate genes in F153. Our genomic data indicated the presence of a continuum of divergence, ranging from low divergence among groups of modern pineapple cultivars to moderate divergence among closely related taxa, such as the cultivated botanical varieties comosus, bracteatus and erectifolius, to a much greater divergence in the wild var. microstachys, which exhibits D xy values normally seen among recently diverged species 34, 35 . In contrast, F ST reflected low diversity in major cultivars, consistent with the domestication bottleneck. Greatly reduced diversity in cultivars relative to their wild progenitor pointed to the severe domestication bottleneck experienced by this clonally propagated crop, and an excess of intermediate frequency alleles in two major groups of modern cultivars indicated the potential for clonal propagation to mask recessive deleterious variants in heterozygotes 46 .
Admixture analysis of A. comosus cultivars revealed widespread admixture genotypes in 39 (44%) out of 89 accessions, detected in every cultivar and botanical variety. With regard to evolutionary processes operating during pineapple domestication, our results indicated a role for both ancient and recent admixture and thus sexual recombination and subsequent artificial selection in most cultivars. This was supported by the dearth of terminal runs of homozygosity along the chromosomes of pineapple in two out of three major cultivars. This indicated that both sexual recombination and somatic mutations have contributed to the phenotypic diversity seen in Ananas. It appears that the true degree of genomic complexity of germplasm used in 20th-century breeding programs was previously underestimated.
Early pre-Columbian pineapple cultivars were selected for low fruit fiber content and reduced seed production through lower fertility and self-incompatibility 47 . The pineapple genome contains 25 selective sweeps, much fewer than those in sexually reproducing crops such as the 121 in soybean 39 and the 186 in tomato 38 , supporting the conclusion of a mixture of sexual and asexual selection for pineapple. The strongest selective sweep included a pair of tandemly duplicated bromelain inhibitors previously suggested as important regulators of pineapple fruit senescence and ripening in this nonclimacteric fruit 41 . Gene duplications are the drivers of evolutionary innovation and have been linked to domestication traits in tomato 48 and black raspberry 49 . The bromelain inhibitor gene duplication event was probably selected in pre-Columbian varieties.
Our initial working hypothesis was that somatic mutations were the main source of variation for domestication in pineapple. Our efforts to identify mitotic selective sweeps were fruitful in the cultivar Singapore Spanish as shown by extensive terminal runs of homozygosity, the hallmark of mitotic selection. However, this hypothesis was rejected for two major cultivars, Smooth Cayenne and Queen, although sporadic terminal runs were detected in two chromosomes, indicating long term clonal reproduction punctuated by sexual reproductions. Meiosis in pineapple generally occurs once every 2 years, while recombination in mitotic cells is continuous but at very low rates, about 10 4 to 10 5 times less frequent than meiotic recombination 50, 51 . At such a low frequency and the nature of clonal production, only mitotic recombination events that occurred at the single cell stage of the reproductive tissues, crowns, suckers, slips and shoots, could be transmitted to progenies and preserved to be detectable. Moreover, one sexual recombination could interrupt terminal runs of homology that had formed and been maintained over thousands of years.
The one-step operation hypothesis, wherein domestication and early improvement are an immediate outcome of a single clonal propagant might be responsible for the selection of some long-lasting clones in some lineages. Genomic analyses, particularly those searching for terminal runs of homozygosity, can be applied to other clonally propagated crops to elucidate the extent of sexual recombination versus vegetative descent in their domestication history. The coexistence of sexual recombination and the one-step operation among different cultivars might be common in clonally propagated crops. Some controversial hypotheses were rejected in the past, but later validated entirely or partly by innovative new technologies or enhanced resolution of evidence, including the 'dominance' versus 'overdominance' hypotheses for heterosis and Lamarck's theory of the inheritance of acquired characteristics. The hypothesis of the one-step operation for the domestication of clonally propagated crops thus seems to be one of them.
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